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We report modulation of the absorption coefficient at 1:3 μm in Ge/SiGe multiple quantum well heterostructures on
silicon via the quantum-confined Stark effect. Strain engineering was exploited to increase the direct optical band-
gap in the Ge quantum wells. We grew 9nm-thick Ge quantum wells on a relaxed Si0:22Ge0:78 buffer and a contrast in
the absorption coefficient of a factor of greater than 3.2 was achieved in the spectral range 1290–1315nm. © 2011
Optical Society of America
OCIS codes: 230.4110, 230.4205, 250.4110, 250.5590, 260.6580.
Existing silicon Mach–Zehnder modulators that exploit
the carrier dispersion effect are typically either large
and dissipate considerable amounts of power [1] or re-
quire the useof resonant cavities,which have temperature
stabilization issues and are very sensitive to fabrication
tolerances. The development of silicon-based electroab-
sorption modulators (EAMs) is desirable for emerging si-
licon photonics applications, including optical network
interconnects and fibre-to-the-home, because such de-
vices can have a small footprint, low power consumption,
and good temperature stability. Several optical fiber tele-
communications systems exploit the spectral ‘window’
around 1:3 μm, which corresponds to zero dispersion in
standard single-mode fibers. In particular, some passive
optical network (PON) architectures use 1:3 μm radiation
for upstream signals [2]. Therefore, it is desirable to
fabricate optical modulators that can operate at this
wavelength.
Ge/SiGe multiple quantum well (MQW) heterostruc-
tures can be epitaxially grown on silicon wafers using
a relaxed buffer layer (see, e.g., [3]), where the alternat-
ing layers should be strain-balanced to the buffer layer so
that no net strain accumulates in the MQW stack.
Previous studies of the quantum-confined Stark effect
(QCSE) in Ge/SiGe MQW structures have reported buf-
fers layers with a Ge fraction of 90% or more [4–7]. Here,
we describe absorption spectra for a strain-balanced
stack of ten 9 nm thick Ge quantum wells and eleven 7 nm
thick Si0:4Ge0:6 barriers grown on a relaxed Si0:22Ge0:78
buffer. The large compressive strain in the Ge quantum
wells results in an increase in the direct bandgap com-
pared with relaxed Ge, which results in a blue-shift of
the absorption edge, and proper choice of the layer
widths and compositions allows us to control the absorp-
tion edge of the structure [8].
The MQW heterostructures were grown using reduced
pressure chemical vapor deposition (RP-CVD) on a re-
laxed Si0:22Ge0:78 buffer. The buffer was grown using re-
verse linear grading (RLG) from a relaxed Ge seed layer,
which was grown on an Si substrate [9]. Further details of
the epitaxial growth can be found in [10]. Circular mesa
devices of 80 μm diameter were defined using optical
lithography and reactive-ion etching and a Ti/Al metal
stack was deposited and sintered at 400 °C for 30 minutes
to form electrical contacts. A schematic diagram of the
cross section of the devices is shown in Fig. 1.
Absorption spectra were inferred from the wavelength-
dependent photocurrent, which was measured using a
100W xenon light source with a 3 nm bandwidth mono-
chromator. The output from the monochromator was
modulated using an optical chopper, allowing the use
of lock-in detection to improve the sensitivity of the
measurement and focussed using a 40× microscope ob-
jective lens onto a 50 μm core diameter optical fiber to
bring the light onto the device. Figure 2 shows the photo-
current at a range of applied biases; a significant blue-
shift is observed compared with existing structures
and the zero-bias spectra shows that the direct absorp-
tion edge is at wavelengths shorter than 1:3 μm. Upon
Fig. 1. (Color online) Schematic diagram showing a cross
section of the MQW p-i-n photodiodes. The MQW layer consists
of ten wells and eleven barriers sandwiched between two
100 nm-thick intrinsic Si0:22Ge0:78 spacer layers in order to
achieve a uniform electric field across each quantum well in
the stack. The doping levels were 1 × 1019 cm−3 for both the
n and p type layers. The structure was vertically illuminated
using an optic fiber.
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application of a reverse bias, a significant Stark shift was
observed.
The photocurrent measured at 8V and 9V was signifi-
cantly enhanced throughout the wavelength range of the
experiment. This is attributed to avalanche gain within
the device. The total thickness of the MQW region plus
the two intrinsic spacer layers was 370 nm; the maximum
applied bias of 9V corresponds to an electric field of ap-
proximately 250 kV=cm, which is significantly above the
breakdown bias for bulk Ge. This elevation in the break-
down field can be explained by considering that the ac-
tive region is a MQW stack, so the hole wavefunctions
and the L-valley electron wavefunctions are displaced
from the band edges by the confinement energy, meaning
that we can expect an increase in the ionization energy.
Additionally, alloy disorder scattering in SiGe has been
shown to suppress impact ionization [11], meaning that
we can expect an increase in the breakdown field of a
SiGe alloy compared with that of pure Ge. This avalanche
gain is not expected to be a significant problem for mod-
ulator operation, as the only significant effect will be an
increase in the photocurrent when the modulator is
biased in the absorbing state. If we assume that the
power of the laser is small and so the photocurrent is
not significant to the power consumption of an EAM
[12], then the avalanche gain is not expected to be a sig-
nificant issue affecting device performance.
Figure 3 shows simulated data calculated based on the
method described in [8]. The large compressive strain in
the quantum wells results in a considerable splitting of
the light and heavy-hole exciton peaks. In order to repro-
duce this splitting we have revised our choice of the uni-
axial model solid deformation potential used in the
bandstructure calculations so that we have b ¼ 2:86 eV
[13], together with a larger lattice bowing parameter of
0:026 nm [14]. These parameters also provide agreement
with the experimental data from [3]. Interdiffusion of the
Ge and SiGe layers results in an increase in the confine-
ment energy of the ground state Γ-valley electron wave-
function, which causes a blue-shift of the direct optical
absorption edge. We find good agreement in the position
of the absorption edge when we include an interdiffusion
length of 2 nm.
In the simulated data plotted in Fig. 3, we have shown
the absorption in units of fractional absorption per quan-
tum well for light propagating perpendicular to the plane
of the quantum wells. Additionally, the data is shown in
terms of an effective absorption coefficient, α, which is
defined using
IL
I0
¼ e−αL; ð1Þ
where 1 − IL=I0 is the fraction of light absorbed per per-
iod and L is the length of a period (i.e., the well thickness
plus the barrier thickness). This provides a useful repre-
sentation of the data, as it allows us to treat the MQW
stack as an effective medium for which α gives the ab-
sorption coefficient for TE-polarized light propagating
in the plane of the quantum wells.
The large compressive strain in the Ge quantum wells
results in an increase in the splitting between the Γ- and
L-valley conduction band edges, as well as a reduction in
the energy of the Δ-valley relative to that of the Γ-valley.
As such, we can expect an increase in the density of final
states in the L-valleys and additionally, we can expect
that Γ → Δ scattering processes become allowed. Both
of these effects will result in a reduced intervalley scat-
tering lifetime compared with heterostructures grown on
a Si0:1Ge0:9 virtual substrate and an increase in the mag-
nitude of the indirect absorption, which is slightly larger
here than has been reported for similar structures grown
on virtual substrates with a larger Ge fraction [3,7].
To eliminate the avalanche gain from the derived ab-
sorption spectra, the measured photocurrents were
scaled according to the simulated ratios of absorption
at the electron/heavy-hole exciton peak in order to obtain
the results shown by the dashed curves in Fig. 2. The con-
trast in the absorption ratio between that at 0V and at a
given applied bias is shown in Fig. 4. The ratio between
the absorption coefficient at 9V and that at 0V is 3.6 at
1300 nm and greater than 3.2 throughout the range
1290–1315 nm.
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Fig. 2. (Color online) Measured photocurrent data for the
Ge=Si0:4Ge0:6 MQW stack at a range of biases applied across
the p-i-n diode. The light-hole exciton can be seen at approxi-
mately 1150 nm in the zero-field curve. This large light-hole/
heavy-hole splitting is evidence of the large strain due to the
high Si fraction of the virtual substrate. The curves at 8V and
9V appear larger than the lower-bias curves, which is attributed
to avalanche gain within the device. The dashed curves show
these data rescaled according to the simulated ratios of the ab-
sorption at the electron/heavy-hole exciton peak.
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Fig. 3. (Color online) Simulated absorption spectra for the
9 nm Ge=Si0:4Ge0:6 MQW heterostructures.
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Reduction of the required electric field while maintain-
ing operation at 1:3 μm can be achieved by a combination
of increasing the Si fraction in the substrate and increas-
ing dimensions of the quantumwells. The limit on doing so
is the critical thickness of an individual layer in the struc-
ture. According to themethod described byMatthews and
Blakeslee, we can expect a strain-balanced stack of 12 nm
thick Ge quantum wells and 25 nm thick barriers to be
stable on a Si0:28Ge0:72 relaxed buffer [8,15,16]. Because
of the increased compressive strain in the Ge quantum
well layers, such an MQW structure can also be expected
to operate at 1:3 μm, but with a reduction in the required
electric field of a factor of approximately two. Addition-
ally, a reduction in the applied bias can be achieved by
decreasing the thickness of the intrinsic space layers.
We have described the observation of the quantum-
confined Stark effect in a Ge/SiGe MQW heterostructure
epitaxially grown on a Si(100) wafer and demonstrated
modulation at 1:3 μm. Strain engineering was used to in-
crease the direct optical bandgap in the Ge quantum
wells and a contrast in the absorption coefficient of a
factor of more than 3.2 was observed for wavelengths
in the range 1290–1315 nm.
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Fig. 4. (Color online) The absorption coefficient plotted nor-
malized to that at 0V bias. The contrast in the absorption ratio
between 9V and 0V exceeds a factor of 3.2 from 1290 nm to
1315nm.
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